We aimed to assess whether modulation of the dorsolateral prefrontal cortex (DLFPC) with noninvasive brain stimulation, namely transcranial direct current stimulation (tDCS), modifies food craving in healthy subjects. We performed a randomized sham-controlled cross-over study in which 23 subjects received sham and active tDCS (anode left/cathode right and anode right/cathode left) of the DLPFC. Subjects were exposed to food and also watched a movie of food associated with strong craving. Desire for food consumption was evaluated by visual analogue scales (VAS) and food consumption before and after treatment. In addition we measured visual attention to food using an eye tracking system. Craving for viewed foods as indexed by VAS was reduced by anode right/cathode left tDCS. After sham stimulation, exposure to real food or food-related movie increased craving; whereas after anode left/cathode right tDCS, the food-related stimuli did not increase craving levels, as revealed by the VAS scale. Moreover, compared with sham stimulation, subjects fixated food-related pictures less frequently after anode right/cathode left tDCS and consumed less food after both active stimulation conditions. These changes were not related to mood changes after any type of tDCS treatment. The effects of tDCS on food craving might be related to a modulation of neural circuits associated with reward and decision-making. #
Introduction
Increasing evidence suggests that the control of eating origins in neural networks associated with decision-making (Pignatti et al., 2006) . Although several factors influence the decision of food consumption, such as levels of blood sugar, hormonal changes, food availability, emotional state (including anxiety and depression), physical activity, memory, this information is finally processed in the neural networks associated with decision-making such as the prefrontal cortex, resulting in a final action. Therefore one possible approach to regulate food craving might be to interfere with this decisionmaking process by changing the activity of the dorsolateral prefrontal cortex (DLPFC).
Several studies from our and other groups have already shown that the prefrontal cortex modulates drug craving and decision-making. For instance, noninvasive brain stimulation, namely repetitive transcranial magnetic stimulation (rTMS), of the DLPFC significantly reduces smoking (Eichhammer et al., of the left dorsolateral prefrontal cortex decreases food craving in women with frequent cravings for food. Specifically, the results of this study demonstrated that food craving during exposure to foods remained constant in the active treatment group but increased in the sham treatment group (Uher et al., 2005) after exposure to real food. Finally, we showed that stimulation of the dorsolateral prefrontal cortex is associated with decreased risk-taking in the BART task (Fecteau et al., 2007a) . Indeed it has been shown that craving (particularly for cocaine) is associated with specific sensations similar to those of individuals engaged in risky behavior (Goeders, 2002) .
In the present study, we tested whether modulation of prefrontal cortex with another technique of noninvasive brain stimulation, transcranial direct current stimulation (tDCS), modulates food craving-related behavior. We chose this technique because it modulates brain activity significantly in a safe, powerful and painless way and its effects can last for more than an hour (Nitsche & Paulus, 2000 . It is a technically simple tool in which a continuous weak electric current is applied to the brain via large electrodes that are placed on the scalp of the subject. The effects of tDCS depend on the direction of the electric current, anodal stimulation increases brain activity and excitability and cathodal stimulation reduces it (Nitsche et al., 2003; Antal et al., 2001 ). Several well-conducted studies in animals and humans confirmed the behavioral and neurophysiological effects of tDCS (Bindman, Lippold, & Redfearn, 1964; Purpura & McMurtry, 1965) . In fact, in humans, it has been shown that: anodal stimulation increases cortical excitability in the motor and visual cortex and cathodal stimulation decreases it (Nitsche & Paulus, 2000 . Furthermore the effects of 13 min of tDCS on cortical excitability can last up to 90 min after the end of the stimulation ), most probably due to changes of NMDA receptor-efficacy (Nitsche et al., 2003) . TDCS, as used in current protocols, is safe in humans as shown by neuropsychological testing (Fregni, Boggio, Lima et al., 2006; Iyer et al., 2005) , EEG assessment (Iyer et al., 2005) , a neuroimaging study (Nitsche et al., 2004 ) and brain metabolites evaluation ). Finally, recent modeling studies have shown that the amount of electric current going to the brain is large enough to induce a modulation of brain activity (Miranda, Lomarev, & Hallett, 2006; Wagner et al., 2007) .
In this study, we tested the hypothesis that bilateral stimulation of prefrontal cortex with tDCS is suited to reduce food craving. Therefore a placebo-tDCS-controlled, randomized, double-blind, crossover study was performed.
Methods

Study subjects
Subjects were recruited by local advertising in websites, flyers and notices distributed throughout local universities. We used the same inclusion criteria as the study of Uher et al. (2005) : subjects had frequent (!3 times/day) and strong urges to eat one of the foods we chose for our experiment (see the list). We included healthy subjects aged between 18 and 55 years. Subjects were excluded if they had any neuropsychiatric disorder, current or past history of alcohol or other drugs abuse, were taking any psychiatric medication or were pregnant. Finally, we excluded subjects with eating disorder as clinically assessed and according to the DSM-IV criteria for eating disorders.
Twenty-three subjects (mean age of 23.7 AE 7.2, 21 females) were enrolled in this study and 21 completed the entire study (3 different sessions of treatment); 2 subjects did not complete the study -performing only the first session (sham tDCS) in one case and two sessions (sham tDCS and anode right/cathode left) in the other case -the main reason in both cases was that school work precluded them to return to the other stimulation sessions.
This study was performed at Universidade Presbiteriana Mackenzie (Sao Paulo, Brazil). The subjects gave written informed consent for the study, and approval was obtained from the local and also national research ethics committee (SISNEP number CAAE-0004.0.272.000-07). The study was carried out in conform to the principles of the Declaration of Helsinki.
Study protocol
This study was a crossover study in which subjects received three different types of bilateral stimulation of DLPFC with tDCS: (1) active anode left/cathode right tDCS, (2) active anode right/cathode left tDCS and (3) sham tDCS. A 48-h intersession-interval was used to avoid the potential of any carryover effects due to stimulation. The order of stimulation was randomized and counterbalanced across subjects using a Latin square design. Participants and the evaluating investigators (except the investigators that applied tDCS) were blinded to the treatment arm.
All stimulation sessions were carried out by the same researchers and at the same time of the day. In addition, subjects were instructed to come 3 h after breakfast or lunch. Demographic and food habits profile data were collected at baseline. The following instruments of evaluation were used:
(1) Baseline evaluation: subjects were instructed to complete a visual analogue scale (VAS) with 16 items evaluating mood and a visual analogue scale to measure food craving that consists of four items (similarly to the study of Uher et al., 2005) : i. Urge to eat (0-10 with 0 corresponding to no urge to eat and 10 corresponding to extremely strong urge to eat) ii. Appearance (0-10 with 0 corresponding to very poor appearance and 10 corresponding to the best food appearance) iii. Smell (0-10 with 0 corresponding to very unpleasant smell and 10 corresponding to very pleasant smell). iv. Taste (0-10 with 0 corresponding to an extremely awful taste and 10 corresponding to the best taste) -note that this item was only evaluated after treatment when subjects were allowed to eat ad-libitum (i.e., subjects were invited to eat as much as they wanted of the foods we offered to them).
(2) Food craving: subjects were then exposed to food. They were seated in front of a large . (5) The procedure of the pre-treatment was repeated: initial craving evaluation, food exposure to provoke craving and new assessment of craving and also mood using VAS; however, at this point subjects were left in the room alone and allowed to eat ''ad-libitum''. We then assessed the quantity each subject had eaten and they were asked to rate the taste of the food from 0 to 10 (''0'', the worst food ever; ''10'', the best food ever).
Eye tracking
As another measurement of craving, we analyzed eye movements during visual scanning strategies. The eye movements were recorded with the equipment Tobii eye-tracking (Tobii Technology Inc., Falls Church, VA) that allows analysis of saccadic movements (mean length and duration) and fixation (localization and duration). The advantage of this system is that it has an easy method of calibration and the eye trackers are integrated into a 17 00 TFT monitor. The subjects were seated in front of a computer (50 cm from the screen) with an eye-tracking device, and asked to watch. They already knew that no questions would be asked, and the only task was to watch some pictures. The subjects were presented with powerpoint slides cointaining four different pictures (each one in a different quadrant), one of them being a picture of food associated with craving. The position of the food picture varied across the slides. In addition, they were informed that there were no rules, neither right nor wrong ways to do the task. For the eye gaze, we analyzed two parameters (fixation point time, and number of fixations).
Instruments of evaluation
As aforementioned, we used a visual analogue scale to measure food craving (subjects were asked to rate the desire to eat) and mood changes. Mood was assessed (at baseline-T0 and at the end of the study-T3) as it was a potential confounder in this study as stimulation of DLPFC is an effective treatment for major depression, and thus, can change mood (Fregni, Boggio, Nitsche et al., 2006; Pridmore, Bruno, Turnier-Shea, Reid, & Rybak, 2000) . We used a visual analogue scale (VAS-that ranged from 0 to 10) to assess 16 different domains of mood, encompassing different domains such as: calm/restless; alert/drowsy; apathetic/dynamic; confused/lucid; strong/weak; sharp/blunt; satisfied/unfulfilled; worried/unconcerned; fast mind/slow mind; tense/relaxed; attentive/neglectful; inept/competent; happy/sad; hostile/friendly; interested/ indifferent; quiet/sociable. Subjects were asked to rate from 0 to 10, their state, 0 corresponding to 100% to the left pole (e.g., calm) and 10 corresponding to 100% of the other pole (e.g., restless). This scale is reliable and we used it in other studies (Boggio et al., 2008; Fregni et al., in press ). We assessed adverse effects at the end of each section asking subjects about the most common adverse effects after tDCS (such as headache, scalp burning, tingling, dizziness). Common adverse effects of tDCS are based on our experience and previous studies (see Iyer et al., 2005; Nitsche et al., 2003) . Finally, we also measured the calories each subject had ingested after each session of treatment (we chose processed food that had information on calories in its label).
Transcranial direct current stimulation
Direct current was transferred by a saline-soaked pair of surface sponge electrodes and delivered by a specially developed, battery-driven, constant current stimulator (for more technical details, please contact Sergio A. Boggio at sboggio@colband.com.br) with a maximum output of 10 mA. We used electrodes of 35 cm 2 (Nitsche & Paulus, 2000) . As aforementioned participants received three different types of treatment:
(1) Anodal stimulation of the left DLPFC and cathodal stimulation of the right DLPFC (referred in the text as ''anode left/cathode right''). The anode electrode was placed over F3 (using EEG 10/20 system) and the cathode electrode over F4. (2) Anodal stimulation of right DLPFC and cathodal stimulation of the left DLPFC (referred in the text as ''anode right/ cathode left''). The anode electrode was placed over F4 (using EEG 10/20 system) and the cathode electrode over F3. (3) Sham stimulation of DLPFC (referred as ''sham stimulation''). For sham stimulation, the electrodes were placed at the same positions as in active stimulation; however, the stimulator was turned off after 30 s of stimulation. Therefore, the subjects felt the initial itching sensation associated with turning on the device, but received no current stimulation for the rest of the treatment period. A recent study showed that this method of sham stimulation is reliable (Gandiga, Hummel, & Cohen, 2006) .
The principal target for treatment was the DLFPC cortex based on prior TMS studies showing that modulation of this area results in a decrease in smoking and also food craving Uher et al., 2005) and other studies suggesting that the activity in this area is significantly associated with food craving (see review .
A constant current of 2 mA intensity was applied for 20 min. Stimulation with 2 mA (for a single session) has been shown to be safe in healthy volunteers (Iyer et al., 2005) .
Statistical analysis
Analyses were done with Stata statistical software (version 9.2, StataCorp., College Station, Texas). The following analyses were made:
Main outcome: the main outcome of this study was whether craving after craving-cues exposure (movies and food exposure) was decreased by active tDCS as compared to sham tDCS. For this analysis we used a mixed model ANOVA in which the main outcome was food craving as indexed by VAS and the independent fixed-effects variables were condition of stimulation (sham, anode left/cathode right and anode right/ cathode left), time (pre-and post-stimulation) and the independent random-effects variable was subject number in order to account for the within-subject variability in this crossover study design. According to our main hypothesis, we expected to detect a significant time Â condition interaction. Post hoc analyses to compare specific groups of stimulation were performed with a Bonferroni correction for multiple comparisons.
Secondary outcomes: We measured several secondary outcomes;
Food smell: we performed a similar analysis; however using VAS scores for smell as the dependent variable and same independent variables (condition of stimulation, time, condition by time and subject number). Food appearance: a similar analysis was performed, but using VAS scores for appearance as the dependent variable and same independent variables (condition of stimulation, time, condition by time and subject number). For food taste and ingested calories; we performed a different model as there was no main effect of time because subjects were just allowed to eat at the end of experiment; therefore in this model the independent variables were: condition of stimulation (fixed effects) and subject number (random-effects). Craving induction: we performed a model in which we included all the conditions and measured only food craving before the exposure to craving cues and after this exposure (but before treatment) in order to evaluate whether our method to induce craving was effective. In this model, the independent variables were time of stimulation and subject number. Eye tracking analysis: the main variable here was number of fixations and mean duration of fixations. We performed a similar model with two main fixed effects (condition of stimulation and time of stimulation). Mood: for the mood analysis; we performed initially a MANOVA as we expected a correlation between mood domains; if there was a significant effect; we then performed individual ANOVAs.
There were two dropouts after one session of tDCS (sham tDCS) and the few missing data were considered missing at random. Statistical significance refers to a two-tailed pvalue < 0.05.
Results
Subjects tolerated tDCS well. The adverse effects were mild and similar in the three conditions of stimulation (Table 1 lists the adverse effects). The most frequent adverse effects were scalp burning, headache, local itching, burning sensation and somnolence. They were not significantly different across the three conditions of stimulation ( p = 0.98).
Food craving -VAS -main outcome
The mixed ANOVA model showed a significant interaction term time by condition (F[2,62] = 7.1, p = 0.0017). Interestingly, craving was significantly reduced only after anode right/ cathode left stimulation (reduction by 17.9%, p = 0.0034). After sham stimulation there was a significant increase in craving (by 7.8%, p = 0.011) and after anode left/cathode right, there was no significant change in craving levels ( p = 0.41)-see Fig. 1 . Although it seems that anode left/cathode right and anode right/cathode left induced different effects, the comparison between these two conditions was not significantly different ( p > 0.05).
Food craving-other assessments (secondary outcomes)
For the food smell and appearance, the mixed ANOVA models showed no significant interaction time by condition (F[2,59] = 0.59, p = 0.55 and F[2,64] = 2.58, p = 0.08, respectively); suggesting that active tDCS did not change how the subjects rated the smell and appearance of food.
For the food taste and ingested calories; however, there was a significant difference across groups of stimulation. Mixed ANOVA models revealed a significant main effect of condition for taste (F[2,31] = 9.71, p = 0.0005) and for ingested calories (F[2,39] = 4.94, p = 0.012). Post hoc tests revealed that caloric ingestion after active treatments was significantly lower than sham stimulation ( p = 0.033 for anode left/cathode right and Headache  2  3  3  Scalp pain  2  3  1  Itching  2  1  2  Burning sensation  3  4  2  Sonolence  3  3  2 There was no significant difference in the number of adverse effects across groups of stimulation ( p = 0.98). (Fig. 2) . This result was similar to the analysis of VAS (desire to eat).
Craving induction
For craving induction analysis, the mixed model ANOVA showed a significant effect of time (F[1,64] = 7.53, p = 0.0078), suggesting that our strategy significantly increased craving. Indeed craving was increased by an average of 24.7%.
Eye tracking
For the eye tracking analysis, we found a significant difference between sham and anode right/cathode left-the interaction time by condition was significant (F[1,29] = 5.12, p = 0.0313). Indeed after active stimulation the fixation in food decreased by 12.4% (AE49.3%) as compared to an increase after sham stimulation by 27.5% (AE47.3%) (Fig. 3) .
Mood assessment
For mood assessment, the MANOVA model (including all the 16 different domains as dependent variables) revealed that the interaction term time by condition was not significant (W = 0.78, F[32,156] = 0.62, p = 0.94); therefore suggesting that mood changes did not confound our results.
Discussion
The results of our study demonstrate that active anode right/ cathode left DLPFC stimulation reduced food craving significantly. After sham stimulation, craving was significantly increased by presentation of food-related cues, whereas after anode left/cathode right tDCS, craving levels did not change. These results suggest that both active tDCS conditions had an effect in reducing food craving. Moreover, subjects consumed a smaller amount of food after both active stimulation conditions and, also, had significantly less fixation time in food pictures after anode right/cathode left tDCS. There were no significant mood changes after any type of tDCS treatment. Finally the results showed that tDCS was well tolerated. The adverse effects were mild and equally distributed across the three conditions of stimulation.
Several animal studies have shown that anodal stimulation increases neuronal firing and that cathodal stimulation results in reversed effects (Bindman et al., 1964) . Therefore based on this evidence, we speculate that either an increase in the right and decrease in the left DLPFC activity or vice-versa leads to craving reduction. It is interesting to note that that while right anodal DLPFC stimulation led to a decrease in food craving beyond baseline levels, left anodal DLPFC stimulation did not reduce craving levels as compared to baseline. Although the comparison of anode right/cathode left versus anode left/ cathode right stimulation was not significant, most probably because the study was underpowered for such an analysis; there might be a hemispheric laterality for food craving; and it might be speculated that the effects of left stimulation versus right stimulation might be qualitatively different. Whereas the right hemisphere might suppress desire to eat in general (or hunger), the left hemisphere might have a selective effect on food craving-decreasing the craving for particular foods. A previous study showed that implantable gastric stimulator (IGS) -which induces stomach expansion via electrical stimulation of the vagus nerve -induces a larger change in the activity of the right hemisphere as compared to the left (Wang et al., 2006) . IGS is used to suppress appetite in obese patients. In addition, this laterality hypothesis for food craving is supported by recent studies showing that modulation of the right prefrontal cortex modulates risk-behavior -as risky behavior induces similar physiological responses as craving behavior (Goeders, 2002) . In our recent study with 36 healthy subjects, we observed that after anode right/cathode left stimulation over the DLPFC, subjects adopted a strong riskaverse response (Fecteau et al., 2007b ) and a previous rTMS study showed that low-frequency rTMS over the right DLPFC also decreases risk-taking (Knoch, Pascual-Leone, Meyer, Treyer, & Fehr, 2006) . Therefore it is conceivable that modulation of the right hemisphere inhibits reward-related neural circuits (such as the circuit related to food intake); therefore decreasing appetite and other reward-related behaviors. In a recent review, Alonso-Alonso et al. discussed the role of the right hemisphere in food intake and obesity (AlonsoAlonso, 2007) .
Several neuroimaging studies have shown that activity in the DLPFC is critically associated with other types of cravingprevious studies investigating neural responses to cues in nicotine abusers demonstrated that the anterior cingulate, amygdala, insula, orbitofrontal and dorsolateral prefrontal cortex, are associated with craving (Wilson et al., 2004) . In a study in which smoking craving was induced by a video, cigarette smokers responded to smoking stimuli with increased craving and activation in bilateral dorsolateral prefrontal cortices and other areas such as anterior cingulate, medial and orbital prefrontal cortex (McBride, Barrett, Kelly, Aw, & Dagher, 2006) . The data of our study agree with these previous findings as modulation of either left or right DLPFC activity modulates craving.
Although our results give additional evidence to support the relationship between DLPFC activity and craving; the exact mechanisms by which DLPFC modulation by tDCS decrease craving are still unknown. DLPFC is one of the main areas of the prefrontal cortex associated with executive function. Therefore this area relates to the ability of determining actions, assessing future consequences of current activities, predicting outcomes and also social control. Therefore one possible mechanism by which DLPFC stimulation decreased craving is an increase of 'social control'-in other words, subjects became more capable to suppress their urges. Thus DLPFC stimulation might have led to inhibition of excitatory neural networks of memory associated with food craving and also neural networks associated with appetite control. As aforementioned, right hemisphere activity is related to appetite suppression (Wang et al., 2006) . In a study with obese patients, Wang et al. showed that implantable gastric stimulator (IGS) system, which generates electric signals to induce the expansion of the fundus, and thus increase satiety, leads to decreased food intake and reduced body weight in obese subjects and is associated with an increased activity in the right hemisphere structures predominantly, particularly the prefrontal cortex and hippocampus. Although stimulation in our study did not reach the hippocampus directly, it is conceivable that this area was indirectly stimulated through prefrontal-limbic neural pathways (see Lang et al., 2005) .
Another alternative explanation is that stimulation of the prefrontal cortex stimulated dopaminergic pathways. Specifically, mesolimbic DA projections into striatum are hypothesized to regulate food intake by modulating appetitive motivational processes. Dopaminergic modulation through cortical stimulation has been shown before with tDCS (Nitsche et al., 2006) and rTMS (Strafella, Paus, Barrett, & Dagher, 2001) .
Our results showing that DLPFC stimulation changes the number of fixations in food as compared to sham stimulation suggests that one potential mechanism to decrease craving might be a top-down mechanism in which modulation of the prefrontal cortex leads to a change in the modulation of the frontal eye fields-an area responsible for saccadic movements and therefore suggesting that a decrease in craving might be due to an attentional shift to non-food stimuli.
Two previous studies with a similar design demonstrated that both left and right DLPFC anodal stimulation results in significant decreases in smoking (Fregni et al., in press) and alcohol (Boggio et al., 2008) craving. Although the results of the present study showed a larger effect for anode right/cathode left tDCS; after anode left/cathode right, there were no significant changes in craving in comparison with sham stimulation that was associated with a significant craving increase. Indeed this result is similar to a previous research with 28 subjects showing that after excitability enhancing highfrequency rTMS of the left DLPFC, there were no food craving levels increase in comparison to sham rTMS in which there was a significant increase in craving levels (Uher et al., 2005) . Therefore our study extends the results of this previous rTMS investigation as we showed that craving level is not only maintained after excitability-enhancing anodal tDCS of left DLPFC but can also be reduced after excitability-enhancing anodal tDCS of right DLPFC.
It is noteworthy that there were no significant mood changes in this study despite the fact that DLPFC was stimulated. At a first glance, this seems contradictory to our previous pilot study in which we showed that anodal tDCS over left DLPFC induces mood improvement (Fregni, Boggio, Nitsche et al., 2006) . However this study was performed in depressed patients (and five sessions of tDCS were applied). Thus the impact of tDCS on DLPFC on mood is likely to differ between healthy subjects and depressed patients; this is in line with neuroimaging studies showing differential patterns of brain activity in the prefrontal cortex in depressed patients as compared to healthy controls. In addition, it has been shown that rTMS of the DLPFC can induce contrary effects in healthy subjects as compared to depressed patients such as that high-frequency rTMS of the left DLPFC induces mood worsening in healthy subjects (Pascual-Leone, Catala, & Pascual-Leone Pascual, 1996) . This study has some limitations. First, we did not assess subjects blinding (i.e., asking if they could guess the treatment received). Although we showed, in previous studies, that using our parameters of stimulation, blinding is reliable (Boggio et al., 2008) , this can be viewed as a limitation in this study. Second, we used a subjective tool to assess craving (VAS) that might be influenced by several factors. However we also performed objective craving-related measurements such as food consumption and eye tracking analysis.
Conclusion
In conclusion, our study demonstrates that anodal tDCS of the DLPFC can suppress food craving. This finding extends the results of a previous study using rTMS to inhibit craving as it suggests that excitability enhancing strategies of brain stimulation of the right hemisphere might be more effective to reduce food craving and therefore opens an avenue for the exploration of noninvasive brain stimulation for eating disorders.
